Guinea pig endotoxicosis induced by lipopolysaccharide from Coxiella burnetii Nine Mile phase I stimulates phosphorylation of liver ribosomal protein S6, with a 50% increase at 12 h postinoculation. The responsible protein kinase (S6PK) has been partially purified from liver; its activity is independent of cyclic AMP and of Ca2+ plus phosphatidyl serine or diacylglycerol. The preparation has an apparent optimum concentration of 20 mM Mg2+, while Ca2+ and Mn2+ are each inhibitory at 2 mM. The apparent Km for ATP is 30 ,uM with intact ribosomes. Because of the central role of phosphorylation in metabolic regulation and a purported role of phosphorylated S6 in protein synthesis, the lipopolysaccharide-induced stimulation of S6PK suggests a significant regulatory role of such enzymes in the pathobiochemistry of Q fever infection and endotoxicosis.
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Aspects of the pathobiochemistry of Q fever and of the endotoxicosis caused by the lipopolysaccharide (LPS) of the rickettsial agent have been reported elsewhere (1) . Cortisol (30) and cyclic AMP (cAMP) (20) levels increase during Q fever. Stimulated synthesis of RNA (30) ; increased activities of RNA polymerases I, II, and III (22) ; and phosphorylation of nonhistone chromatin proteins (9) are correlated. Enhanced liver protein synthesis and phosphorylation of liver ribosomal protein S6 (14) are parallel. In vitro translation systems prepared from rabbit reticulocytes have greater activity with phosphorylated S6 guinea pig liver ribosomes (14) , which suggests some relationship between protein synthesis and ribosomal protein phosphorylation. The multiple regulatory roles of phosphorylation in transcription and translation, the unresolved questions of protein synthesis regulation in Q fever or its endotoxicosis, and the associated question of phosphorylated S6 in protein synthesis (32) led to the present study.
MATERIALS AND METHODS Animals and LPS. Male Hartley strain guinea pigs, each weighing 250 to 300 g, were from Hilltop Lab Animals, Inc. (Scottsdale, Pa.). LPS was prepared from the rickettsial agent of Q fever, Coxiella burnetii Nine Mile phase I (12) .
Liver extracts. Control animals (N) were injected intraperitoneally with 0.4 ml of buffer (10 mM HEPES [N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid; pH 7.2], 0.15 M NaCl). Experimental animals (L) were injected with 400 ,ug of LPS per 0. 4 pared under similar conditions; the results were similar (data not shown), and orthovanadate was used in further work. Insoluble material was removed by centrifuging at 10,000 x g for 15 min. A postribosomal supernatant was prepared by centrifugation at 25,000 rpm in a model SW41 Ti rotor (Beckman Instruments, Inc., Fullerton, Calif.) for 1 h. Stepwise additions of ammonium sulfate were made, and the 20 to 45% fraction was stirred overnight. The precipitated protein was collected, suspended in buffer A, and desalted using Econo-Pac 10 DG columns (Bio-Rad Laboratories, Richmond, Calif.). The eluate was chromatographed on DEAE-Sephadex equilibrated with buffer A and eluted using stepwise-increased concentrations of NaCl (Fig. 1A) . The fractions were assayed for protein kinase (PK) activity against intact control ribosomes. Active fractions were pooled and layered over linear gradients of 12 to 36% (wt/vol) glycerol in buffer A. After centrifugation at 160,000 x g for 41 h, 0.5-ml fractions were collected and assayed for PK activity (Fig. 1B) . The apparent Mr was measured by fast protein liquid chromatography gel filtration on a column (1 by 30 cm) with Superose 12 (Pharmacia, Inc., Piscataway, N.J.) at a rate of 0.4 ml/min, and 0.4-ml fractions were collected (Fig. 1C) Bingham, Department of Agriculture, Philadelphia, Pa. Ribosomes used in PK assays were prepared from control animal livers as previously described (19) . Basic ribosomal proteins were extracted with acetic acid from samples of these ribosomes (27) .
The effects of agonists or antagonists on enzyme activity were measured by using 0.2 mg of heat-stable inhibitor of cAMP-dependent PK per ml, 2 ,uM cAMP, 2 mM Ca2+, 10 ,ug of phosphatidyl serine or dioctanoylglycerol per ml, 300 ,ug of heparin per ml, 10 mM N-ethylmaleimide, and 50 ,ug of sphingosine per ml.
Because S6 phosphorylation qualitatively correlated with filter paper counts, the latter was used as a convenient index of S6 kinase activity against aS1-casein, dephosphorylated casein, phosvitin, and histones. A 1D sodium dodecyl phosphate-gel electrophoresis was performed by the method of Laemmli (16) , and 2D gel electrophoresis was performed by the method of Madjar et al. (18) as modified by Hickey et al. (14) . Gels were autoradiographed as described by Hickey et al. (14) .
RESULTS
It was previously shown that Q fever and its endotoxicosis were associated with increased phosphorylation of ribosomal protein S6 and with increased hepatic protein synthe-~~~~~~~~~~~~~~3 sis (14) . The participation of PKs in this phenomenon is now more closely examined. N were injected with 0.15 M NaCl, and L were injected with C. burnetii LPS. The initial average temperature (± standard deviation) of N injected with 0.15 M NaCl was 38.5 ± 0.1°C (n = 5); that of animals injected with LPS (L) was 38.3 ± 0.3°C (n = 6). There was no temperature change after 12 h for N, but there was an elevation to 39.2 0.2°C for L.
Identical postribosomal supernatant fractions prepared from N and L liver homogenates were reacted with intact N liver ribosomes. The reaction products were separated by gel electrophoresis with 10 ,ug of reacted ribosomes per lane. After autoradiography, the S6 bands were excised and counted. The N samples had 3,420 ± 190 cpm (n = 4) while the radioactivity of the L bands was 70% greater (5,845 ± 265 cpm [n = 4]), with greater kinase activity in the preparation from LPS-treated animals.
Further purifications (see Materials and Methods) of the N and L kinase again were performed in parallel. In all steps, the L-derived preparations maintained 40 to 50% greater activity than the controls (Fig. 1 (Fig. 2) . The N and L S6PKs were INFECT. IMMUN. not affected by 2 p,M cAMP or by an excess of cAMPdependent PK. The enzyme did not require Ca2`with phospholipid for activity and was not inhibited by sphingosine, which distinguished from the PK C group. Furthermore, mild treatment of the kinase with trypsin (see Materials and Methods) rapidly inactivated both the L and the less active N kinase preparations to the same low level, indicating that the enzyme is not a protease-activated kinase (24) .
The enzyme was sensitive to 300 ,ug of heparin per ml and to 10 mM N-ethylmaleimide. The addition of Mg2+ was necessary to maintain high activity, with an optimum concentration at 20 mM Mg2+ (data not shown). Mn2+ and Ca2ẁ ere unable to substitute for Mg2+ and were inhibitory at relatively lower concentrations.
Another property of the enzyme is the poor ability of GTP to substitute for ATP as the phosphoryl donor in the kinase reactions. Unlabeled GTP was used as a competitor with 100 ,uM [y-32PIATP for phosphorylation of 80S ribosomes. Even at twice the concentration of ATP, GTP inhibited incorporation of labeled 32P by only 30%. The apparent Km for ATP for both the N and L kinase preparations was 30 p.M (Fig. 3) .
It should be noted that the apparent Vmax for the L preparation was nearly twice that of the N (Fig. 3) , thereby with phosphatidyl serine (CaPS), heparin, and N-ethylmaleimide (N-EM). Neither control nor experimental enzymes were affected by cAMP, cAMP-dependent PK (cAPKI), or sphingosine (sphing). Experimental conditions are described in Materials and Methods.
demonstrating a true stimulation of kinase activity during endotoxicosis.
80S ribosome phosphorylation. Specificity for proteins of intact ribosomes recognized by the PK was determined by reacting the enzyme with intact 80S ribosomes (see Materials and Methods). Basic ribosomal proteins were prepared from the reaction mixtures, separated by 2D electrophoresis, and autoradiographed (Fig. 4) . Only two of the extracted proteins, L4 and S6, were phosphorylated to a significant extent; S6 was more highly phosphorylated. By allowing reactions to continue for various incubation times, it was possible to observe the appearance of sequentially phosphorylated derivatives of S6. In a 3-h reaction period, much of the 32p label in the monophosphorylated derivative (Fig.  4A ) appeared sequentially in the di-and triphosphorylated derivatives ( Fig. 4B and C) . This pattern of phosphorylation is similar to that previously seen when S6 had been labeled in vivo in response to Q fever and its endotoxicosis (Fig. 4D ) (14) . These results implicate the presently described PK in . At 180 min, much of the 32p was present in the S6 species which contains at least three phosphoryl groups. This is comparable to the pattern previously found in vivo (D) (14) .
the multiple phosphorylation of S6 in vivo (14) in response to infection and endotoxicosis. DISCUSSION The pathobiochemistry of Q fever and of the endotoxicosis caused by the LPS of the rickettsial agent have common features of interest. Prominent among these are stimulated synthesis of protein and RNA (1, 26, 30) . Enhanced RNA polymerase activities (22) and stimulated phosphorylation of nonhistone chromatin protein (9) are coincident, as are enhanced hepatic protein synthesis in vivo and phosphorylation of ribosomal protein S6 (14) . Abundant evidence from other systems demonstrates the major roles of phosphorylations and dephosphorylations as regulatory mediators in the pathobiochemistry of disease (10) . This paper reports an endotoxicosis-stimulated PK which phosphorylates guinea pig ribosomal protein S6, indicating activation of phosphorylation systems during rickettsial infection. This kinase (S6PK) was partially purified, and its stimulated activity was retained through the purification steps. Insulin stimulates PK prepared and partially purified from 3T3-L1 cells by retaining stimulated activity through purification (6) . Employing the criteria of Edelman et al. which characterize the classes of PKs (7), the S6PK presently described does not belong to the cAMP-dependent PKs. GTP fails to significantly replace ATP as a phosphoryl donor. The S6PK activity is independent of Ca2`with phosphatidyl serine and thus does not belong to the PK C and calmodulin-dependent PK group. The S6PK is inactive against acidic casein and phosvitin substrates and is thus eliminated from the casein I and II PK families. Unlike the Traugh protease-activated S6 kinase, the present S6PK is neither activated nor stimulated by the Traugh trypsin treatment (24) . The S6PK phosphorylates at least three sites on S6. This activity is directly comparable to that reported previously of in vivo phosphorylation (14) and fits with the characteristics of the seryl-threonyl family of PKs (7) . The S6PK has an apparent Mr of 55,000 by gel electrophoresis and silver staining (Fig. 5) and 68,000 by gel filtration (Fig. 1C) , and it resembles the S6PK of Tabarini et al. (27) 2084, 1987) . We suggest that synthesis of these acute-phase proteins accounts for at least some of the observed protein increases. We further propose that stimulated transcription (22, 30) is coordinated with phosphorylation of nonhistone chromatin protein (9, 22 (25) . Increased ribosome numbers and mRNA species (26, 30) are products of stimulated transcription. Ribosomal protein S6 is phosphorylated with concomitantly increased protein synthesis (14; see also above). We propose that changes in phosphorylation of S6 during Q fever suggest activation of regulatory mechanisms during infection. These mechanisms involve protein phosphorylation-dephosphorylation reactions and serve to regulate a number of systems such as RNA synthesis, protein synthesis, and carbohydrate metabolism.
The relationship of S6 phosphorylation and protein synthesis remains uncertain (32) . S6 phosphorylation by cAMPdependent PK had no positive effect on ribosome-mRNA binding or translation in vitro (4, 21) , and dephosphorylation of S6 in heat-shocked HeLa cells failed to alter translational activity of ribosomes in cell-free translation systems (28) . In mouse myeloma cells, the kinetics of stimulated S6 phosphorylation during shifts of tonicity are different from changes in protein synthesis and suggest no obligatory relation between these two events (15) .
On the other hand, S6 phosphorylation by proteaseactivated kinase II was directly correlated with increased translation when globin mRNA was used in in vitro systems (4, 21) , and dephosphorylation of S6 in in vitro translation diminished (14) . There is evidence supporting the concept that phosphorylated rat liver 40S subunits modify binding to mRNA (11, 29) . Nevertheless, while many reports supporting a direct role of S6 phosphorylation in protein synthesis have appeared, the mechanism of such involvement has not been unequivocally established.
In any case, phosphorylation of S6 by protein kinases from diverse sources is stimulated by mitogens (8), insulin (13) , protease activation (17), growth factors (23) , and serum (2) . The major feature of these systems is that measurement of this phosphorylation provides a significant clue for determining some of the regulatory mechanisms responsible for modified host metabolism. Likewise, stimulated S6 phosphorylation during endotoxicosis is an indicator of modulated cellular activity in response to trauma.
